2 CAO homologs, which were tandemly repeated with a 6.6-kbp interval in a BAC clone, OSJNBa0057L21. The predicted amino acid sequences of these genes, OSJNBa0057L21 Predgene09 (CAO-09) and Predgene11 (CAO-11), showed 86.7% sequence similarity to each other, and 74.2% and 70.0% similarity, respectively, to Arabidopsis CAO (data not shown). The full-length clones corresponding to CAO-09 and CAO-11 (J013001P04 and 001-114-D11, respectively) have been registered in the rice full-length cDNA data base (http://cdna01.dna.affrc.go.jp/cDNA/), suggesting that both genes are expressed. Sequence analysis of CAO-09 in the mutants revealed that YM-15 has a 1-bp deletion in the 2nd exon ( Fig. 2A) , which results in a frame-shift and a premature stop codon. In G-52, a 3-bp deletion was found in the 7th exon of CAO-09 ( Fig. 2A) . On the other hand, no mutation was observed in the coding region of CAO-11 in either mutant. These observations suggest that CAO-09 encodes CAO.
To verify this hypothesis, we searched for retrotransposon Tos17-induced mutants that disrupt these 2 CAO-like genes within the Tos17 insertion mutant database (http:// tos.nias.affrc.go.jp/~miyao/pub/tos17/). We found 3 mutants (ND0017, NE1005, ND3004) of CAO-09 and 1 (ND1064) of CAO-11 ( Fig. 2A) . ND3004 has been reported (Miyao et al. 2003) , but its phenotype has not been described. We selected plants homozygous for each allele and analyzed their phenotypes. Consistent with the analysis of YM-15 and G-52, homozygotes of all 3 mutations for CAO-09 showed a pale green phenotype and lacked Chl b (Table 1) . On the other hand, the homozygotes of the CAO-11 mutation did not show a pale green phenotype and had a normal Chl b content (Table 1) . CAO-11 has an incomplete Rieske binding motif, in which the highly conserved tyrosine residue (Y) among proteins containing Reiske binding sites is replaced with phenylalanine (F) (Fig. 2B) , suggesting that CAO-11 is a pseudogene (Tanaka et al. 1998 , Nagata et al. 2004 . The 3-bp deletion in CAO-09 of G-52 results in a deletion of the lysine residue (K), which is located in the mononuclear iron binding site in CAO (Fig. 2B ). This residue is not necessarily highly conserved in proteins containing mononuclear-iron-binding sites, but is limited to arginine or lysine, both of which are positively charged amino acids, among CAOs of distantly related species (Tanaka et al. 1998 , Tomitani et al. 1999 , Nagata et al. 2004 . Complete loss of Chl b in G-52 suggests that this positively charged residue is important for CAO activity or stability.
To examine the expression of CAO, we performed semi-quantitative RT-PCR analysis. cDNA synthesized from the 75 ng of total RNA in each reaction was used as a template. The PCR condition was: 25 cycles of 94°C for 40 sec, 58°C for 40 sec, and 72°C for 40 sec. The sequences of primers used for the specific amplification of CAO-09 are 5′-GAACTTCTGGTACCCAGTTGCT-3′ and 5′-ATGCATGA AAGGGACATGCTTG-3′. CAO was detected strongly in mature leaves and slightly in glumes, but not in roots (Fig. 3) . Interestingly, CAO was expressed abundantly in etiolated shoots. It is possible that CAO protein is produced in etiolated shoots, ready to catalyze Chlide a, which is produced rapidly in response to light (Castelfranco and Beale 1983) .
To examine the behavior of chlorophyll-binding proteins, we performed green gel analysis (Anderson et al. 1978) . Mature leaf tissue (100 mg fresh weight) was extracted with 250 µL extraction buffer (0.3 M Tris [pH 6.8], 1% SDS, 2% Triton X-100, 10% glycerol), then analyzed by SDS-PAGE. This analysis revealed the absence of 3 bands in the cao mutants (Fig. 4) . We thought that these bands were LHCPs, because Chl b binds only to LHCPs. To confirm this, we electro-eluted the chlorophyll-binding proteins from the green gel slices and extracted the binding pigments with 80% acetone. HPLC analysis of the pigments revealed that the 3 bands contained Chl a, Chl b and lutein, which are known components of LHCP (data not shown). The estimated molecular weights suggested that the uppermost, middle and lowest bands are an LHCP trimer, dimer and monomer, respectively. The protein eluted from the dimer band preferentially reacted with Lhca1 (LHCI) antibody rather than Lhcb2 (LHCII) antibody (Fig. 5) , suggesting that the major component of the LHCP dimer band is LHCI. This is consistent with the idea that LHCI exists as a dimer (Fromme et al. 2003) . The band just above the LHCP dimer band, which is retained in the cao mutants, contains only Chl a and β-carotene, suggesting that it is CP43 and/or CP47 (data not shown). These results suggest that Chl a cannot occupy the Chl b-binding sites of rice LHCPs in place of Chl b, and that rice LHCPs cannot incorporate or retain Chl a in the Chl a-binding site in the absence of Chl b. We analyzed the accumulation of LHCP apoproteins in the cao mutants by Western blot analysis (Fig. 4B) . The amounts of both Lhca1 (LHCI) and Lhcb2 (LHCII) proteins were apparently reduced, but some protein was still accumulated, suggesting that Chl b is important for the accumulation of LHCI and LHCII apoproteins but is not essential.
In summary, we identified OsCAO (CAO-09) in rice and its pseudogene (CAO-11). We have named the OsCAO mutants YM-15, G-52, ND0017, ND3004 and NE1005 cao-1, cao-2, cao-3, cao-4 and cao-5, respectively (Table 1) . The rice genome is estimated to have many duplicated genes, which are thought to have redundant functions (Feng et al. 2002) . However, the example described here suggests that not many of such genes are functionally redundant, even if they are expressed. Fig. 3 . Expression of CAO-09. Total RNAs isolated from mature leaves (L), glumes (G), roots (R), and etiolated shoots (E) were used as templates for RT-PCR. RUB2, a ubiquitin gene, was used as a reference for the amount of cDNA used for PCR (Kusaba et al. 2003) . 
